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Abstract Densities (p) and viscosities (?/) ol'purc dimcth>lsiilplioMdc (DMSO). 1,2-dichloroethane (Dri ), 1 1,2,2-lclrachloroelhane (TC’I') 
and those ol lhcir binary mixtures with DMSO as common component were measured at 303 K over the entire composition ranj.»c Several uselul 
parameters, such us. excess volume, excess vi.scositv and excess (iihhs free energy ol atlivation of viscous How have been calculated from the 
measured derrsitics and viscosities to study lire mlermolecular interaction behveen the coinpi^nent molecules The changes in tltese parameters 
with composition suggest that the interaction between DMSO and D H ’ is weak, while its interaction with rCl’ is quite siiong 'Ihc experimental 
viscosity data of these mixtures were used to test the validity of the empincal relations of (irunberg-Nissan, Tanniru-Kurata. Ilmd^Mil.aughlin, 
katti‘Chaudhary and Mcrric lor the present systems
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I. Introduction
As a pari of our ongoing research programme 11,21 concerning 
Ihc physicochemical properties of binary liquid mixtures, we 
present lierc ihc resulls of binary mixlure.s of DMSO with 
1 and TCEi at 303 K . DMSO is aprotic, strongly as.sociatcd 
due to highly polar S ^O  group in the molecule [3] and has 
large dipole moment and dielectric constant (// 3.96 D and
 ^ 46.68 at 298 K) [4J. DCE (/y -  1.86 D and -  10.36
at 298 K) [4] and TCE (/i - 1.71 D and r 8.20 at 298 K) 
|4,5| arc also aprotic and polar but practically iinassociaicd. 
Fherefore, interesting results may be obtained regarding 
niolecular interactions (perhaps dipole-dipole and electron 
donor-acceptor) between unlike molecules in the binary 
mixtures. Fhe existence of electron donor-acceptor interaction 
due to electron donating tendency of oxygen atom of 
group of DMSO with its unshared pairs of electrons towards 
electron-acceptor chlorine atoms of DCE and TCE molecules 
seems to be significant.
The study of DMSO is important because of its utilization 
in a broad range of applications in medicine [6]. It easily
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penetrates biological membranes, facilitates chemical 
transport into biological tissue and is well known for its 
ciyoprotective effects on biological system.s [6 81. Also well 
established is the use of DMSO as an anti-innammatory 
agent which commonly has been used for arthritic conditions 
16]. DMSO has also been utilized as an in situ free radical 
scavenger for various cancer treatments [9). The unique 
properties of DMSO also give rise to its wide u.se as a 
solvent. Solvent properties of bulk DMSO have been exploited 
for several decades and its applications span many areas of 
science [ 10]. Poly-haloalkancs represent a class of technically 
important compounds, used in industry as intermediates or 
as final products f 11 ]. In view of the importance mentioned, 
we have taken up the study of above compounds and their 
binaiy mixtures. Although Krishnaiah and Naidu [12] and 
Chaudhary and Naidu [13] have reported excess volumes for 
mixtures of DCE with alkanes and alcohols, respectively, 
and Nath and Pandey [14] have measured excess volumes 
of TCE with pyridine, anisole, methyl ethyl ketone and 
1,4-dioxane, no work has been reported in the literature for 
the binary mixtures of DMSO with DCE and TCE.
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In the present paper, we report the densities and 
viscosities of the binary mixtures of DMSO with DCE and 
TCli including those of pure liquids as a function of 
composition at 303 K, From these experimental data, excess 
volume (F^), excess viscosity (At/) and excess free energy 
of activation of viscous How (AG*^) were calculated. 
These parameters provide significant information regarding 
inlermolecular interaction between the component 
molecules. Also the effect of the number of chlorine atoms 
in DCE and ICE molecules on molecular interactions will 
be examined. Moreover, viscosity of the mixtures were 
theoretically calculated using the empirical relations proposed 
by Grunberg and Nissan [15], Tamura and Kurata [16], 
Hind et al [17], Katti and Chaudhary [18] and Herric and 
Brewer |19]. The relative merits of these relations were 
examined.
2, M a te r ia ls  a n d  m e th o d s
DMSO (E. Merck, Germany) was purified as described in 
literature [20]. DCE and TCE (s. d. fine, India) of AnalaR 
grade were purified by standard procedures described 
elsewhere [21]. All the mixtures were prepared by weight 
in a dry box and were kept in special airtight bottles. The 
weighings were done on an Afcoset-ER-120A electronic 
balance with a precision of i-0.1 mg. The probable error in 
mole fraction was estimated to be less than 4:0.0001. The 
densities of pure liquids and binary mixtures were measured 
using a single-capillary pycnometer of bulb capacity 
8.0x10^ m  ^ with a graduated stem of 5.0 x 10‘* 
divisions. The marks on the capillary were calibrated with 
triple distilled water. The accuracy in density measurements 
was found to be ±0.0001 g cm Viscosity measurements 
were made by a calibrated Cannon-Ubbelohde viscometer. 
The viscometer containing the test liquids was allowed to 
stand for about 30 minutes in thermostatic water bath so that 
the thennal fluctuation in the viscometers was minimized. 
The viscosity data were reproducible within ±0.5%. The 
temperature of the test liquids and their binary mixtures was 
maintained to an accuracy of ± 0.02 K in a thermostatic 
water bath.
3. R e su lts  a n d  d iscu ss io n
T he  d ensity  p  and  v iscosity  t] o f  pu re  liqu id s and  o f  th e ir  
n ineteen  b inary  m ix tures, m easured as function  o f  com position  
a t 303 K, w ere  co m piled  in  T ab le  1. T he  excess m o la r 
vo lum es w ere  ca lcu la ted  by
V‘■ ^x ,M ,[{ \|p )-{ \|p ,)]  + x^M ^[{\|p)-{^|p^)'^, (1)
w h ere  x ,  M  and  p  are , re sp ec tiv e ly , the  m o le  frac tion , m o la r 
m ass an d  d en sity ; su b sc rip ts  I an d  2  stan d  fo r D M S O  an d  
D C E /T C E , re sp ec tiv e ly . T h e  v isco s ity  d ev ia tio n s  from
add itiv ity  on  m o le  fraction  w ere  ca lcu la ted  u sing  th e  fo llo w in g  
eq u a tio n
^ 7 7 = 7 -(x ,7 , +X272)- (2)
ruble 1. Densities (p) and viscosities (n) for binary mixtures DMSO + 
DCE and DMSO + TCE al 303 K.
X (DMSO) p  (kg m ’) v ( l0 ’ kg m ' s ')
0.0000
DMSO ± ix :e 
1238.3 0.7736
0.1219 1222.5 0 8432
0.2414 1206.1 0.9343
0.3490 1190.5 1.0338
0-4575 1174.4 1.1453
0.5561 1159,6 1.2546
0.6538 1144.8 1.3669
0 7476 1130.5 1 4853
0.8373 1116.6 1.5973
09132 1104.7 1.6961
1 0000 1090.7 1 7984
0 0000
DMSO + TCE 
1580.4 1 4929
0 0999 1550 0 1 7875
0.2359 1502.0 2.3197
0.3542 1455-9 2.7433
0 4503 1413.4 2.9961
0 5566 1362.0 3 1209
0 6386 1319.3 3.0614
0.7141 1277.0 2.8750
0 7930 1229.8 2.5884
0.8597 1187.0 2.3412
1.0000 1090.7 1.7984
U sing  E y ring 's  re la tion  [22 ], th e  ex cess  G ib b s  free  e n e rg y  
o f  ac tiv a tio n , A G ’* o f  v isco u s  flow  a re  o b ta in ed  fro m  :
AG’* = /{ r[ln (r;r)-x , In(tj,F,)-X2 10(72^^2)]. (3)
w h ere  F  is th e  m o la r v o lu m e  o f  th e  m ix tu re . H ie  v a lu e s  o f  
A /; and  A G ’* w ere  fitted  to  R ed lich -K ister [23] p o ly n o m ia l
(4 )
/-I
w here  is o r  o r  AG*^. T he  v a lu es  o f  co e ff ic ien ts  
Af  o f  eq . (4 ) to g e th e r w ith  th e  s tan d ard  d ev ia tio n s  a ( y ^  
ca lcu la ted  by
1I/2<T(r*')=[Z(}X-ns)'/(»»-«)] (5 )
w h ere  m is th e  to ta l n u m b e r o f  ex p e rim en ta l p o in ts  a n d  n  
is th e  n u m b e r o f  At  c o e ff ic ien t c o n s id e re d  (n  »  S in  d ie
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present calculation) are given in Table 2. The variations in 
ij, V‘\  At} and AG''- with mole fraction Jti of DMSO are 
presented graphically in Figures 1-4.
I able 2. Coefficients A, of eq. (4) and standard deviations for binary 
misturcs DMSO + DCE and DMSO t TCH at .tO.t K
luiKtion A\ Aj A4
DMSO + IMTE
r '(lO 'm’mor') 0 1253 04128 -05057  0 1719 0.2181 00010
-0.3788 -0  1470 -0  0395 -0 1038 0 1210 0.0011 
vr'dtH kJm ol ') 0 1193 -0.4200 -0.2717 -02168 0 1728 0 0020 
DMSO + TCI-
C(10-'’nv'mol') 1.7279 -1.2027 -0  9189 -0 6840 2 1765 00070
,N;;(10’Nm s^) 5 7717 -16437 -3  9802 1.0028 12563 00008
.Aff'dO’klmol ') 65379 09846 -18276 0.1141 00131 00012
l-'ittnre I. Variation of viscosity (r;) versus mole fraction (jr) of DMSO 
ai 303 K
A perusal of Figure 1 reveals that the viscosity, rj is an 
increasing monotonic function of mole fraction of DMSO in 
DMSO + DCE binary mixtures, and in DMSO + TCE binary
Figure 3. Variation of excess viscosity (A/;) versus mole fraction (.v) 
of DMSO at 303 K
Figure 2. Variation of excess volume versus mole fraction W 
of DMSO at 303 K.
Figure 4. Variation of excess free energy versus mole fraction (x) 
of DMSO at 303 K
mixtures it first increases with x and attains maximum value 
at .r ~ 0.55, then decreases sharply. A qualitative explanation 
on the behaviour of t], Arj and with composition 
of the binary mixtures has been proposed. Mixing of DMSO 
with DCE or TCE will induce the partial dissociation of 
dipolar association DMSO-DMSO, releasing several dipoles, 
and this results in decrease in rf. But because of simultaneous 
dipole-dipole DMSO-DCE/TCE and donor-acceptor type 
interactions between unlike molecules, which seems to be 
dominant over that of the dissociative effect,' there is overall 
increase in tj as mole fraction x of DMSO in these mixtures 
increases. The observed variation of 7 with x, without a 
viscosity maximum, for DMSO + DCE (Figure 1) may,
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primarily, be due to the fact that viscosity of the mixture is 
directly rdaied to the viscosities of the pure liquid components. 
While for the system DMSO TCE, the well-defined 
maxinuim in /;\w.v curve (Figure 1) is an indication of strong 
interaction involving dipole-dipole and donor-acceptor type 
leading to the fomuition of intcrmolecular complex between 
DMSO-I CE molecules. The complex formation as a result 
of donor-acceptor interaction in binary mixtures of TCE with 
pyridine, anisole. methylethylketone and L4-dioxane have 
been reported by others [ 14]. Also, the formation of complexes 
coiTcsponding 7; wv.v maxima has been suggested by Assarson 
and Eirich [24] during their study of binary mixtures of 
amides with water. Relatively sharp decrease in 7 with x in 
DMSO-rich region for DMSO  ^ TCE suggests that the 
visco.sity in this region is determined mainly by the smaller 
entities produced as a result of breaking up of the dipolar 
association of DMSO by TCE. Merc, the dissociative effect 
seems to dominate over that of interaction effect between 
DMSO and TCE molecules. This is supported by the view
[25] that viscosity of a system decreases with increasing 
number of smaller entities/dccreasing number of bulky or 
less mobile entities in the system.
Figure 2 shows that T' values are slightly negative, 
turning to small positive in DMSO-rich region for system 
DMSO DCE, and become entirely negative for system 
DMSO f TCE over the entire composition range, fhe excess 
volume is influenced by (i) the loss of dipolar association 
in DMSO on addition of DCE/TCE, (ii) the dipole-dipole 
and donor-acceptor interaction between unlike molecules 
and (iii) the fitting of smaller molecules into the voids 
created by the bigger molecules. The first effect leads to 
expansion in volume, hence, positive I'' values, while the 
remaining two effects lead to contraction in volume, resulting 
in negative V^' values. Ihe values of depend on the 
resultant of these opposing contributions. The trends of 
with X for DMSO + DCE binary mixtures suggest the 
presence of weak donor-acceptor interaction between the 
component molecules and unfavourable packing of molecules 
into each other's structure due to almost similar molar 
volumes {DM SO-7.1660 X 10 ^nv^mol \  DCE - 7.9916 x 
10 moE-^ ). Large negative P' values for DMSO TCH
binary mixtures arc attributed to the presence of strong 
specific (S -0 — Cl) interaction between DMSO and TCE 
molecules* and also due to the fitting of smaller DMSO 
molecules into the voids created by bigger molecules of TCE 
(TCE = 10.621 X 10 ^ m  ^ moF^). The specific interaction 
could be of donor-acceptor type (the oxygen atom of S=^0 
group of DMSO, with its unshared pairs of electrons, acts 
as electron-donor towards electron-acceptor chlorine atoms
of TCE). Although donor-acceptor interaction between 
DMSO and TCE molecules and favourable packing of these 
molecules into each other's structures is primarily responsible 
for the large negative value of the contribution due to 
dipole-dipole interaction between DMSO and TCE molecules 
cannot be ignored. The presence of two more chlorine atoms 
in TCE increases its electron-accepting capacity and therefore 
it interacts more strongly towards DMSO molecule as 
compared to DCE, making T'' more negative for DMSO  ^
TCE than for DMSO  ^ DCE. The observed trends in P' 
(Figure 2) support the above view. Similar trends in P' with 
composition have also been reported for alkylacetates 
telrachloromethane [26], 1,2-dibromomethane + aromatic 
hydrocarbons [27] and acetonitrile + 1,2-dichloroethane/ 
1,1,2,2-lelrachlorocthane [28] binary mixtures. The viscosity 
deviations A/; (Figure 3) are very small negative over the 
whole composition range for DMSO ^  DCE, while they are 
large positive for DMSO + FCh binary mixtures. Negative 
A// values are indicative of the presence of dispersion forces 
in the system [29,30] arising from the weak intemiolecular 
interactions. On the other hand, positive A;/ values suggest 
the presence of strong specific interactions. Large positive 
values of A// were also observed for water amides [24] and 
DMSO  ^ CCl.|/tolucne [31| binary mixtures.
Figure 4 shows that the values of AC/*' are very small 
negative in DCH-rich region and turn to very small positive 
in DMSO-rich region for DMSC3 t DC.F and are large 
positive for DMSO  ^ TCE over the whole composition 
range. Large positive values of AC/*' are attributed to the 
presence of strong interaction between DMSO and TCE 
molecules.
Reed and Taylor [32] and Mayer cl /^/ [331 suggested that 
the magnitude of the positive values of AC/*' is an excellent 
indicator of the strength of specific interactions between the 
component molecules. Recently, Osvval and Desai [34] 
attributed the increasing positive values of AC/*' to the large 
size and cohesive energy defference between the two unlike 
components of the mixture, as in case of DMSO  ^ TCE 
binary mixtures. Positive values in AG*'- were also observed 
in DMSO  ^ bromoform [35] binary mixtures. Thus, we find 
that the behaviour of all the functions studied, namely, 7, 
P \ A;; and AC/*'' with composition support each other.
The experimental viscosities were used to estimate the 
dynamic viscosity 7 of liquid mixtures using several empirical 
relations. Grunberg-Nissan [15] suggested a logarithmic 
relation based on Arrhenius equation for the viscosity of a 
solution. They used the equation
In 7 = In 7i + X2 In 72 X1X2G12» (6)
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where G'lj is a parameter proportional to interchange energy, 
which measures the non-ideality of the system. Tamura and 
Kurata [16| proposed the relation
where V, is the molar volume of pure component / and 7’i2 
is an adjustable parameter. Hind et a! [17] derived the 
following equation
n -  +2A|X2/yi2' (8)
where //i:> is attributed to unlike pair interactions.
Katti and Chaudhary [18] suggested the following 
equation
ln;;l"= y; Inz/iK) 4-,y2 In^/^l^ ^x\X\W^,,^lRT, (9)
is an interaction term.
Meric and Brewer [19] derived the following 
equation
In;/ - .V) In i]\ + In //y + X\ In A/] ,V2 In Afj
ln(.V| A/)-f .Yi A/7) ”♦■ 2 ’ (1^)
where d'\:> =- (ai2Xi.Y2) is a function representing molecular 
inicraction and a^i is the interaction parameter. Meric 
and Brewer expressed a\:> and <721 as a linear function of 
composition
The theoretically evaluated values of viscosity using 
empirical cqs. (6-10) arc given in Table 3. The calculated 
values of the parameters C/12, T\2. H]7, W^vis J^nd J12 and 
standard deviations cr using the procedure of Osw'al and 
Desai [34] are presented in Table 4. The results indicate that 
for DMSO + DCF£ mixtures the values of <r are 0.0164,
1-2717, 0.0137, 0.0168 and 0.0166 for eqs. (6) to (10), 
respectively. For DMSO 4 TCF mixtures, however, the 
deviations for the corresponding equations are 0.0904,
0.1519, 0.1436, 0.0920 and 0.0974, somewhat higher than 
those for DMSO  ^ DCE mixtures. Although a reasonable fit 
is found for all the empirical equations, the agreement 
between theoretical and experimental viscosities for DMSO 
 ^ DCE mixtures is very good. These facts lead us to conclude 
that the empirical equations tested give a better description 
of the system wherein weak intermolecular interactions 
prevail, as in DMSO 4 DCE system. This is in good 
agreement with the results reported by Aminabhavi et al
[35]. These authors pointed out that the deviation becomes 
large for systems in which there is strong specific interaction 
between the components, as in case of DMSO 4 TCE 
mixtures. On comparison, the results indicate that Hind 
et al eq. (8) provides the best results for DMSO 4 DCE 
mixtufes, while Grunberg-Nissan eq. (6) seems to be 
reasoiiably good in reproducing the experimental viscosity 
for th# mixtures DMSO 4 TCE.
Table ^  Calculated values of ;; lor binary mixtures DMSO 4 DCT and 
DMSO|4 rn- using cqs (6-10) at 30.'^  K.
-------------------------
cq ,(6) eq (7) cq. (8) eq (9) cq.(IO)
V DM.SO DCh
U 1219 O'. 8609 1.8650 0 8602 0.8613 0.8610
0.2414 0 9549 2 4392 0.9555 0 9555 0.9552
0 3490 1 0474 2 7168 1 0500 1.0477 1.0476
0 4575 1 1487 2 8395 1 1.536 1.1486 1.1488
0.5561 1.2483 2.8318 1.2552 1.2479 1.2483
0 6538 1 3546 27116 I 3627 1.3539 1.3544
0 7476 1.4640 2 4758 1 4723 1 4634 1 4637
0 8373 1 5758 2.1040 1.5829 1,5754 1.5756
0 9132 1.6764 1.6051 I 6810 1.6762 1.6762
DMSO I TCI:
0 0999 1 8839 1 8437 1 9755 I 8867 1 8931
■ 0 2359 2 3957 2.6101 2.4711 2 4000 2.4132
0 3542 2 7487 2.9404 2.7510 2.7543 2 7657
0 4503 2 9256 3 0588 2 8749 2.9299 2 9372
0.5566 2 9797 3 0542 2.9037 2.9797 2.9795
0 6386 2.9125 2.9536 2 8483 2 9105 2.9037
0.7141 2.7724 2.7780 2 7375 2.7685 2,7576
0.7930 2.5578 2.4911 2 5605 2.5530 2.5405
0 8597 2 3347 2 1351 2 3619 2.3294 2.3191
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Tabic 4. Calculated values of the different parameters from cqs. (6-10) and standard dcviation.s for binary mixlurc.s at 303 K
Mixtures <^\2 <T 1h <7 //12 a H'vu a cr
h m so  + D cr 0.0381 0.0164 37.6574 1 2717 1 1072 0.0137 0.0447 0.0168 0 0661 0 0166
OMSO + TCF. 2.380.S 0 0904 35.2344 0.1519 4 1594 0.1436 2.4401 0.0920 2.6737 0.0974
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